Although China has promoted the construction of Chinese Sustainable Ground Transportation (CSGT) to guide sustainable development, it may create substantial challenges, such as rapid urban growth and land limitations. This research assessed the effects of the Hangzhou Bay Bridge on impervious surface growth in Cixi County, Ningbo, Zhejiang Province, China. Changes in impervious surfaces were mapped based on Landsat images from 1995, 2002, and 2009 using a combination of multiple endmember spectral mixture analysis (MESMA) and landscape metrics. The results indicated that the area and density of impervious surfaces increased significantly during construction of the Hangzhou Bay Bridge (2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009). Additionally, the bridge and connected road networks promoted urban development along major roads, resulting in compact growth patterns of impervious surfaces in urbanized regions. Moreover, the Hangzhou Bay Bridge promoted the expansion and densification of impervious surfaces in Hangzhou Bay District, which surrounds the bridge. The bridge also accelerated socioeconomic growth in the area, promoting rapid urban growth in Cixi County between 2002 and 2009. Overall, the Hangzhou Bay Bridge is an important driver of urban growth in Cixi County, and policy suggestions for sustainable urban growth should be adopted in the future.
Introduction

Introduction of Research Significance and Research Method
China started to implement reform and opening up policy in 1978, resulting in the evolution of the urban land market because most economic activities were centered in urban areas [1] . These changes led to considerable urban sprawl [2] [3] [4] . In this sense, ground transportation has played a significant role in the socio-economic development of China. However, sustainable transportation continues to be a topic of interest as China looks to adopt best practices for environmental protection, economic efficiency, and social progress. Sustainable ground transportation can be defined as the capacity to support the mobility needs of people, freight and information in a manner that is least damaging to the environment [5] . One of the more comprehensive programs that utilize transportation investments to create a sustainable transportation infrastructure is Chinese Sustainable Ground Transportation (CSGT) (e.g., super expressways, high-speed railways and cross-sea bridges). In an attempt to build a new CSGT-based comprehensive transportation system and promote sustainable social development, the central government enacted the "11th and 12th five-year comprehensive traffic system development plan". It focused on alleviating transportation pressure, reducing fuel use, and decreasing labor costs [6] .
Despite the goal of promoting CSGT, the program has inherent challenges related to land use and land cover change (LULCC), such as the conversion of non-urban lands to impervious surfaces. CSGT may contribute to the growth of impervious surfaces in two critical ways. Firstly, by constructing ground transportation systems, such as highways and railways, creates anthropogenic features through which water cannot infiltrate into the soil [7] [8] [9] [10] . Secondly, sustainable or improved transportation infrastructure that has economic advantages, such as lower commuting times, may encourage the conversion of farmland or vegetation cover to impervious surfaces [11] [12] [13] [14] . Combined, these factors are likely to lead to deterioration of natural ecosystems in urban regions.
As a critical aspect of sustainable urban and transportation development, controlling the growth of impervious surfaces is a common goal of environmental management and urban planning [7, 14] . Previous studies have characterized the dynamics of impervious surface changes and their relationship with environmental degradation [7, 10, 13] . However, the relationships between sustainable transportation infrastructure, such as CSGT, and impervious surface changes are poorly understood.
Multiple endmember spectral mixture analysis (MESMA) and landscape metrics can be used to quantify impervious surfaces and detect the adverse consequences of CSGT on the environment over time [15] [16] [17] . MESMA can effectively measure the expansion and densification of impervious surfaces and the degree of urbanization because the approach is based on impervious surface fractions (ISFs) derived from remotely-sensed imagery [18] [19] [20] . This method provides estimates of the impervious surfaces at the sub-pixel level and minimizes the impacts of mixed pixels [14] . Furthermore, landscape metrics can explain the spatial structures and patterns of landscapes because they account for spatial information, such as location, distance, direction, and linkage [15, 21] .
Methods for identifying impervious surfaces via remote sensing, such as MESMA and landscape metrics, have been used in two different ways. In the main approach, MESMA has been used for urban growth analyses, impact assessments, and policy evaluations [14, 16, 20] . Additionally, a considerable number of studies have integrated remotely-sensed data and landscape metrics to analyze the negative effects of ground transportation, such as fragmentation, loss of biodiversity, and creation of edge habitats [22] [23] [24] . However, few studies have explored the combined application of MESMA and landscape metrics to analyze the impacts of CSGT, such as sea bridges, on changes in impervious surfaces.
This study investigated the potential impacts of CSGT on the growth of impervious surfaces by combining MESMA and landscape metrics. A historical analysis from 1995 to 2009 was based on ISFs from the Landsat archive. In this paper, we apply this approach to examine the spatial and temporal dynamics of impervious surfaces in the pre-construction (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) and construction phase (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) of the Hangzhou Bay Bridge, as a representative of CSGT. The objectives of this paper are as follows: (1) demonstrate the ability of MESMA to monitor the impacts of the Hangzhou Bay Bridge on impervious surface changes; (2) quantify the impacts of the bridge on impervious surface structures using landscape metrics; and (3) analyze the effects of the bridge on the intensity and extent of impervious surfaces.
It is worth noting that it would be difficult to separate the impacts of ground transportation factors, such as the Hangzhou Bay Bridge, from other factors when assessing changes in urban impervious surfaces. To minimize this problem, we selected Cixi County, Ningbo, Zhejiang Province, as our study area because part of the bridge is located in this county. The county is isolated by mountains and the sea and, prior to the construction of the Hangzhou Bay Bridge, it had not received large-scale infrastructure investment. Therefore, the study assumed that the construction and opening of the Hangzhou Bay Bridge accelerated the growth of impervious surfaces.
The following subsection supplies a brief introduction to CSGT in China. In Section 2, we present the study area, data, and methodology. Sections 3 and 4 provide the results and discussion, respectively. The conclusions are then presented in Section 5.
Brief Background on Chinese Sustainable Ground Transportation (CSGT)
Ground transportation networks have been identified as one of the most important drivers of rapid industrialization and urbanization in China [25, 26] . The transportation corridors were initially inadequate in the People's Republic of China. However, China has concentrated on efficient and modern transportation systems since 1978, specifically expressways, high-speed trains, and cross-sea bridges. In this context, CSGT has facilitated sustainable economic and urban growth in China.
Road networks are convenient and flexible means of transportation, and they connect cities, airports, harbors, and railways. Recently, China has rapidly developed its expressways. According to [27] , China began constructing its first motorway, the Shenyang Dalian Expressway, in 1984. Widespread expressway construction in China began in the early 1990s. At that time, the total length of expressways was 271 km, and the total expressway length in China reached 2141 km in 1995. China built a 5583 km expressway in 2002, increasing the total expressway length to 25,200 km. By the end of 2009, the total expressway length had increased to 651,000 km [28, 29] .
With the rapid development of China's economy, the scale and technical level of Chinese railway construction has continuously improved. China's railway length is 76,580 km, ranking third in the world (after the United States and Russia) and first in Asia [30] . Additionally, China has developed high-speed railways based on the "11th five-year plan". In 2008, China began operating its first high-speed railway, which was named the Beijing-Tianjin intercity railway. By the end of 2011, the total length of China's high-speed railways had increased to more than 10,000 km [31] .
Additionally, China has constructed long-distance cross-sea bridges to accelerate economic growth in coastal cities. The most important bridges are summarized in Table 1 . The starting point of the Qingdao Bay Bridge is a national high-speed highway that connects Qingdao and Lanzhou. This bridge is part of the "five vertical, four horizontal and one ring" highway network in Shandong Province [32] and is the world's second longest cross-sea bridge [33] . The Hangzhou Bay Cross-sea Bridge extends southward from Jiaxing to Cixi [34] . Zhoushan Sea-crossing Bridge connects Hangzhou Bay Bridge with the ring road in Ningbo and has a total length of 50 km [35] . Finally, the East Sea Bridge connects Shanghai's Luchao Port and Shengsi County in Zhejiang Province [33] . The Hangzhou Bay Bridge is the third longest ocean-crossing bridge in the world, spanning Hangzhou Bay in the East China Sea, crossing the Qiantang River at the Yangtze River Delta, and connecting Shanghai to Cixi County. The bridge shortened the ground transportation distance from Ningbo to Shanghai by 120 km and reduced the travel time from four hours to two and a half hours. During its first year of operation (i.e., from May 2008 to May 2009), approximately 50,000 vehicles used the bridge daily. The bridge is expected to improve communication and the development of the bay [36] . In addition, the bridge will reduce transportation costs, decrease travel time, and reduce traffic accidents, saving 44.37 billion RMB during the first 20 years of operation [37] .
Study Area, Data Preparation, and Methodology
Study Area
This study focused on Cixi County in Ningbo, Zhejiang Province, China, where part of the Hangzhou Bay Bridge is located. Cixi County is located on the southern shore of Hangzhou Bay between longitudes 121˝02 1 E and 121˝42 1 E and latitudes 30˝02 1 N and 30˝24 1 N (Figure 1a) . Cixi County has a total area of 1154 km 2 (excluding the sea area), and this region is characterized by a subtropical monsoon climate, with an average annual temperature of 16.0˝C and an average annual rainfall of 1272.8 mm. Topographically, it is high in the south and low in the north, changing from hills to plains and beaches toward Hangzhou Bay. Cixi is an important industrial and commercial city in the greater Shanghai economic region of the Yangtze River Delta. Since the completion of the bridge in 2008, the favorable geographic location of Cixi has made it become a gold node city on the southern Yangtze River Delta. 
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Data Preparation
The following Landsat TM/ETM+ images were used to perform the study over a 14-year interval: a LANDSAT 5-TM image from 13 September 1995; a LANDSAT 7-ETM+ image from 11 November 2002; and a LANDSAT 5-TM image from 10 October 2009. These data were previously radiometrically and atmospherically corrected [20] . 
Methodology
The proposed algorithm consists of two sequential phases, as shown in Figure 2: (1) estimating the amount of impervious surfaces at the sub-pixel level using MESMA and (2) change detection involving landscape metrics and numerical analysis. 
Data Preparation
Methodology
Estimating the Amount of Impervious Surface within a Pixel
Based on the complexity of city features and the characteristics of spectral variability, the traditional method of spectral mixture analysis (SMA) may not fully satisfy the requirements of studying urban growth dynamics. MESMA, an extension of the SMA method, may solve this technical problem. In MESMA, each pixel's spectrum is the linear sum of N pure spectra or endmembers, and the number and types of endmembers can vary from one pixel to another [40] . Therefore, MESMA can effectively address mixed pixel problems in complicated urban environments. Many previous studies have demonstrated the applicability of MESMA to the study of coastal salt marshes [41] , Amazonia [40] , and urban regions [16, 18, 20, 42, 43] . However, few studies have performed sub-pixel change detection using MESMA in the context of CSGT [44] .
MEMSA includes three sequential steps: endmember selection, optimization and modeling. In this case study, MESMA was implemented following the procedure reported in [45] . First, based on the V-I-S (vegetation-impervious surface-soil) conceptual model [46] , three 
MEMSA includes three sequential steps: endmember selection, optimization and modeling. In this case study, MESMA was implemented following the procedure reported in [45] . First, based on the V-I-S (vegetation-impervious surface-soil) conceptual model [46] , three endmembers-impervious surfaces, vegetation cover, and soil-were separately selected from Landsat images from 1995, 2002, and 2009. Then, a spectral library was constructed from the selected endmembers. Second, we implemented three optimization techniques to determine the spectrum within a spectral library that best represented the characteristics of the associated class variability [45] . These three optimization techniques included count-bsed selection (CoB), endmember average root mean square error (EAR), and minimum average spectral angle (MASA). The criteria used to select the optimum spectrum for each endmember were as follows: the highest CoB, lowest EAR, and lowest MASA [20, 43] . Third, the MESMA method was executed using a range of spectral mixture models after construction of the optimum library. Finally, the best single model for each pixel was selected based on the minimum value of the root mean square error (RMSE), which was 0.025. The RMSE value was based on research on Cixi County [20, 43] . Three fractional images were generated by the optimal models for each Landsat image: an impervious surface image, a soil image, and a vegetation image. The impervious surface fraction (ISF) images from the different periods were used to analyze urban development.
Given the focus of this paper on change detection and impact assessment, further information regarding the calculation of impervious surfaces based on MESMA can be found in the VIPER TOOL user manual [45] and relevant papers [18, 20, 40, 43 ].
An accuracy assessment was performed using error matrices built from 300 stratified-random samples from each ISF image, with overall accuracies of 93.33% in 1995, 92.67% in 2002 and 90.33% in 2009.
Landscape Metrics at the Pixel Level
In this study, spatial metrics at the pixel level were used to analyze the spatial structure and morphological characteristics of impervious surface growth with respect to the construction of the Hangzhou Bay Bridge. Metric selection was based on the ability to depict the evolution of urban forms, as demonstrated in previous studies [15, [22] [23] [24] 47] . In practical terms, the degree of landscape fragmentation can be expressed by the number of patches (NP), Euclidian mean nearest-neighbor distance (ENN-MN) and percentage of like adjacencies (PLADJ); the landscape complexity can be represented by edge density (ED); and the dominant landscape can be measured using largest patch index (LPI) ( Table 2) . Table 2 . Descriptions of the spatial metrics selected in this study [21] .
Metrics
Description Unit Measure
Number of Patches (NP)
The number of patches of the corresponding patch type (class).
No. The number of like adjacencies involving the focal class divided by the total number of cell adjacencies involving the focal class, multiplied by 100.
Percent Fragmentation
Prior to calculating the landscape metrics, thematic maps of impervious surfaces were generated using a thresholding technique. First, all values less than 0.0 and greater than 1.0 were removed from each impervious surface fraction image. Then, all impervious pixels between 0.0 and 1.0 were classified as impervious cover. Finally, each thematic map was imported into FRAGSTATS 3.3 [48] to calculate the landscape metrics.
Numerical Analysis of Impervious Surfaces and Socio-Economic Situation
The numerical analysis provided an auxiliary analysis of the impact of the Hangzhou Bay Bridge on impervious surface growth in Cixi County. First, we performed a numerical analysis of impervious surface growth in the five districts of Cixi County. The scope of each district was based on the spatial partition map shown in Figure 1b . Note that districts refer to large blocks; therefore, the scope of the central city is less than that of central urban area. According to the spatial partitions, we extracted impervious surfaces in different districts using the spatial analyst tools in ArcGIS 9.3 (ESRI, Redlands, CA, USA). Then, the area and density of impervious surfaces in each district were calculated and compared. This analysis focused on illustrating the different impacts of the construction of the Hangzhou Bay Bridge on urban development in the five districts within the county.
Another numerical analysis compared socioeconomic index and impervious surface trends in Cixi County. This analysis focused on graphically linking different socioeconomic factors and impervious surface changes based on the convenience condition of the Hangzhou Bay Bridge. Eight indexes were selected to represent two demographic aspects (non-agricultural population and number of practitioner), two economic aspects (GDP and the amount of actual use of foreign capital) and four transportation dimensions (road mileage, civilian cars, passenger capacity, and volume of freight traffic).
Results
Expansion and Densification of Impervious Surfaces
In 1995, Cixi County was dominated by non-impervious surfaces, which accounted for 87% of the total area (Table 3 ). In contrast, the impervious surface area covered only 6665 ha, merely 13% of the total area. Therefore, Cixi County was largely an agricultural area, and urban development was still in its initial stages at that time. From 1995 to 2009, urbanization progressed at a rapid speed. Consequently, the area of impervious land increased to 9829 ha. This increase was mainly due to the conversion of pervious lands, resulting in the loss of approximately 21% of the total area during the study period. In 2009, the impervious surface area increased to 16,494 ha, more than twice that in 1995. In other words, impervious surfaces grew by 3539 ha from 1995 to 2002, while in the second period (2002-2009), they expanded drastically by 6290 ha (Table 3) . Additionally, the average density of impervious surfaces (%) in 2009 was vastly different than the densities in the other years ( Figure 3 ). This change indicated that the rapid expansion of impervious surfaces mainly occurred between 2002 and 2009, when the bridge was under construction. In addition, the rate of impervious surface development in Cixi County outstripped the rate of population growth in both periods. The increases in impervious surfaces after 2002 suggested a new pattern of urban development along major roads in the county ( Figure 6 ). In general, land use is more stable as the distance from roads increases [49] . Our investigation also confirmed that the density of land development was stable as the distance from roads increased The increases in impervious surfaces after 2002 suggested a new pattern of urban development along major roads in the county (Figure 6 ). In general, land use is more stable as the distance from roads increases [49] . Our investigation also confirmed that the density of land development was stable as the distance from roads increased 
Spatial and Temporal Patterns of Impervious Surfaces
Landscape metrics were used to quantify the temporal and spatial properties of impervious surface development (Table 4) The increase in LPI reflected the spatial growth of the urban core and increased connections between individual urban patches and the central city. The urbanization rate within the historic urban core was slow during bridge construction (2002-2009), when LPI increased by only 447. This trend suggests that most urban expansion took place around the historic urban core, forming a new, larger central city. Additionally, it reflects the compact growth of impervious surfaces in Cixi County during this period. This conclusion is confirmed by visual interpretation of Figure 7 (the blue circles). 
The Different Impacts of Hangzhou Bay Bridge on the Growth of Impervious Surface and Social Economy
The (Table 6 ). Hangzhou Bay District had a low density of impervious surfaces in 1995 at 55.69%; however, the district increased in density to 64.28% in 2002 and to 69.89% in 2009, respectively, reflecting the highest AAGR of 1.64% (Table 6 ). (Table 6 ). Hangzhou Bay District had a low density of impervious surfaces in 1995 at 55.69%; however, the district increased in density to 64.28% in 2002 and to 69.89% in 2009, respectively, reflecting the highest AAGR of 1.64% (Table 6 ). The change trend comparison of social economy and impervious surfaces in Cixi County revealed that impervious surfaces and socio-economic indexes exhibited similar trends of rapid growth, especially from 2002 to 2009. The non-agricultural population and number of practitioners both exhibited steady growth throughout the study period, with low AAGRs of 3.53% and 3.24%, respectively. The population growth rate was clearly less than that of impervious surfaces between 2002 and 2009 (Figure 9a,b) . In the context of economy, GDP and the amount of actual use of foreign capital both exhibited dramatic increases, mainly from 2002 to 2009 (AAGRs of 14.43% and 20.61%, respectively, during the study period). Additionally, the growth rates of these two economic indexes exceeded the growth rate of impervious surfaces from 2002 to 2009 (Figure 9c,d) . Finally, Cixi displayed gradual increases in the passenger capacity and volume of freight traffic, which were consistent with the trend of impervious surface growth (Figure 9g,h ). However, Cixi had particularly evident increases in road mileage and the number of civilian cars, with AAGRs of 8.10% and 24.19%, respectively. These growth rates have been significantly larger than that of impervious surfaces since 2002 (Figure 9e,f) . The change trend comparison of social economy and impervious surfaces in Cixi County revealed that impervious surfaces and socio-economic indexes exhibited similar trends of rapid growth, especially from 2002 to 2009. The non-agricultural population and number of practitioners both exhibited steady growth throughout the study period, with low AAGRs of 3.53% and 3.24%, respectively. The population growth rate was clearly less than that of impervious surfaces between 2002 and 2009 (Figure 9a,b) . In the context of economy, GDP and the amount of actual use of foreign capital both exhibited dramatic increases, mainly from 2002 to 2009 (AAGRs of 14.43% and 20.61%, respectively, during the study period). Additionally, the growth rates of these two economic indexes exceeded the growth rate of impervious surfaces from 2002 to 2009 (Figure 9c,d) . Finally, Cixi displayed gradual increases in the passenger capacity and volume of freight traffic, which were consistent with the trend of impervious surface growth (Figure 9g,h ). However, Cixi had particularly evident increases in road mileage and the number of civilian cars, with AAGRs of 8.10% and 24.19%, respectively. These growth rates have been significantly larger than that of impervious surfaces since 2002 (Figure 9e,f) . 
Discussion
Application of Methods
A considerable number of studies have used conventional classification (e.g., SVM classifier) and change detection (e.g., post-classification) techniques to analyze the impacts of transportation on land cover and land use changes [23, [50] [51] [52] [53] [54] [55] . Although these approaches have proven effective, to some degree, when applied to remotely-sensed data, such methods may have limitations. In these techniques, each pixel is assigned a single land cover class [56] ; therefore, change detection can only quantify interclass conversion, resulting in incomplete analysis of urban landscape dynamics [57] . The proposed indicator, the impervious surface fraction (ISF) derived from MESMA, 
Discussion
Application of Methods
A considerable number of studies have used conventional classification (e.g., SVM classifier) and change detection (e.g., post-classification) techniques to analyze the impacts of transportation on land cover and land use changes [23, [50] [51] [52] [53] [54] [55] . Although these approaches have proven effective, to some degree, when applied to remotely-sensed data, such methods may have limitations. In these techniques, each pixel is assigned a single land cover class [56] ; therefore, change detection can only quantify interclass conversion, resulting in incomplete analysis of urban landscape dynamics [57] . The proposed indicator, the impervious surface fraction (ISF) derived from MESMA, can be used to effectively analyze development patterns in urban regions because it predicts the proportions of urban classes within each pixel, providing a more informative and appropriate representation of urban cover. Potential uses of the additional information in our ISF images are substantial, such as assessing sub-pixel changes in urban regions, identifying increased density of impervious surfaces, documenting the expansion of impermeable cover and linking this index with other factors (such as climate, environment, and policy).
In this study, the combined application of MESMA and landscape metrics was superior to using only one of the techniques. Change detection based on these two methods enables us not only to obtain details of impervious surface growth in urban areas but also to characterize the spatiotemporal patterns of urban growth. Furthermore, incorporating impervious surface information enables us to efficiently analyze the potential impacts of CSGT on urban growth.
The Hangzhou Bay Bridge Promoted the Growth of Impervious Surfaces
This paper was an initial attempt at understanding the growth of impervious surfaces during the pre-construction (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) Our findings also indicate increases in the area and density of impervious surfaces along road networks, particularly from 2002 to 2009. Urban development may have caused clustering in areas with high transportation accessibility and promoted the intensive utilization of these lands [58] [59] [60] , particularly near transportation segments connected to large infrastructure projects, such as the Hangzhou Bay Bridge. This impact of the bridge and road network on the spatial structure of the city is especially obvious in the suburbs, such as in the northern and eastern parts of Cixi County (Figures 4 and 5) .
Notably, the effect of the Hangzhou Bay Bridge and the connected road network in 2009 increased the growth of impervious surfaces and contributed to the compact growth pattern in the central city of Cixi County. Compact growth is one of the most significant approaches to smart growth, which aims to restrict urban sprawl and guide sustainable development by increasing building density and encouraging infill zoning and land management within urban regions [61] . It attempts to relieve the developmental pressure on lands around existing urban regions [51, 62] . Additionally, in order to better achieve sustainable development, the full impacts and performances of sustainable transportation on smart growth should be evaluated in the future study.
The construction of the Hangzhou Bay Bridge may have accelerated the growth of impervious surfaces in Cixi County, particularly in the area surrounding the bridge, i.e., Hangzhou Bay District. This finding is consistent with the result of the numerical analysis of impervious surface growth at the district level in Cixi County, which suggested that Hangzhou Bay District had the highest rates of impervious surface expansion and densification during bridge construction (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (Tables 5 and 6 ). This explanation is supported by the development of the Hangzhou Bay New Zone in Hangzhou Bay District. In 2009, the Hangzhou Bay New Zone encompassed 35 km 2 and has since expanded. In this zone, 254 industrial projects have been completed, and new companies are being established there each month [63] . Additional evidence of coastal reclamation in Hangzhou Bay District reflects the increased accessibility provided by the Hangzhou Bay Bridge, which has stimulated urban expansion. Since 2000, construction has occurred on 538.02 km 2 
A Socioeconomic Perspective on How the Hangzhou Bay Bridge Accelerated Urban Growth
The potential impacts of the Hangzhou Bay Bridge on urban growth can be reflected by the change trends in impervious surface and socio-economic indexes. The results of this study suggest that the Hangzhou Bay Bridge has significantly promoted the growth of impervious surfaces and social economy in Cixi County during bridge construction (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (Figure 9 ). In terms of the population and economy, the Hangzhou Bay Bridge increased the non-agricultural population and number of practitioners (Figure 9a,b) due to labor-intensive industries transferring from Shanghai and other developed regions to Cixi, as well as human resources shifting from agricultural industries to industrial and service industries between 2002 and 2009. In addition, the Hangzhou Bay Bridge has stimulated a sharp rise in the GDP and brought considerable foreign investments to Cixi since 2002 (Figure 9c,d ). This growth in capital flows may be derived from the new establishment of foreign companies and industrial transfer parks that were originally constructed in developed regions. This trend offset the limitations of land resources in developed regions and increased the impervious surface cover in Cixi County. Additionally, the development trend in Cixi is similar to that in the Western Pearl River Delta during construction (2009-2016) of the Hong Kong-Zhuhai-Macau Bridge [65] . In the context of transportation, the Hangzhou Bay Bridge has substantially increased the total road mileage, number of civilian cars and flows of passengers and goods, particularly from 2002-2009 (Figure 9e-h ), thus creating essential conditions for urban sprawl to take place and increasing the area of impervious surfaces [58] .
Policy Suggestions for Sustainable Urban Development
Although CSGT aims to shorten traffic distances; save energy, costs and time; and reduce the adverse impacts on the environment, CSGT itself and the growth of impervious surfaces are associated with eco-environmental effects that can diminish environmental sustainability. CSGT, particularly expressways and high-speed railways, separates previously large patches into fragmented patches, creating barriers to movement between adjacent life spaces [11] . Moreover, roads and automobiles have cumulative physical and chemical impacts on the environment, such as the spread of exotic species and emission of noxious gases [12] . Additionally, increases in impervious cover and runoff directly impact the transport of non-point source pollutants, such as pathogens, nutrients, toxic contaminants, and sediment to lakes, rivers, and the sea [8, 9] . These processes inevitably alter in-stream and riparian habitats, resulting in the loss of critical aquatic habitats [66] . In addition, vegetation cover decreases as impervious surfaces increase, placing considerable pressure on natural resources and regional climates [13, 14] .
There is a considerable need to design a sustainable monitoring program that can evaluate the effects of CSGT on urban growth and ecological environments, creating a healthy urban development pattern that minimizes the adverse effects of transportation infrastructure and impervious surfaces and coordinates rapid urbanization and environmental sustainability. Based on our findings, we proposed a conceptual model (Figure 10 ) that is divided into two parts. The first part shows how the bridge is related to socioeconomic factors that affect impervious surface growth (landscape patterns) and result in environmental problems. The second part indicates the importance of sustainable monitoring policies that document short-term changes in impervious surfaces and the ecological environment, stimulating long-term patterns of sustainable urban development. 
Conclusions
CSGT, such as sea bridges, can play a significant role in improving sustainable transportation systems and accelerating the urbanization process in China. In this paper, we investigated the impacts of CSGT on changes in impervious surfaces based on three objectives: (1) In terms of the second objective, the results of MESMA indicated that the rapid growth of impervious surfaces (both expansion and densification) mainly occurred between 2002 and 2009. The calculated landscape metrics suggested that densification and expansion of impervious surfaces led to a compact growth pattern through the infilling of vacant lands in urban regions and outlier growth.
Finally, with respect to the third objective, a road buffer analysis revealed that impervious surfaces were concentrated along road networks connected to the Hangzhou Bay Bridge. The results of the first numerical analysis showed that Hangzhou Bay District exhibited the fastest growth rates of impervious surface area and density in Cixi County under the favorable conditions of bridge construction. The second numerical analysis demonstrated that Cixi County experienced considerable population, economic, and transportation evolution during the construction of the Hangzhou Bay Bridge (2002-2009), which was synchronous with the growth of impervious surfaces. However, increasing CSGT and impervious surface cover could diminish environmental sustainability. More policies and administrative measures should be implemented to guide sustainable social development.
Furthermore, the Hangzhou Bay Bridge may only be one of many factors influencing urban growth. Thus, any explanation that suggests the bridge is directly responsible for the expansion of impervious surfaces is an oversimplification. However, the bridge may promote the construction of additional transportation corridors and industrial zones and increase the population growth in the Yangtze River Delta Region. Therefore, further investigation, particularly modeling, is needed to explore the full impacts of the Hangzhou Bay Bridge or other CSGT on sustainable, environmentally-friendly, urban development. 
CSGT, such as sea bridges, can play a significant role in improving sustainable transportation systems and accelerating the urbanization process in China. In this paper, we investigated the impacts of CSGT on changes in impervious surfaces based on three objectives: (1) verifying the utility of MESMA for analyzing impervious surface changes; (2) quantifying impervious surface densification and expansion during the pre-construction (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) In terms of the second objective, the results of MESMA indicated that the rapid growth of impervious surfaces (both expansion and densification) mainly occurred between 2002 and 2009. The calculated landscape metrics suggested that densification and expansion of impervious surfaces led to a compact growth pattern through the infilling of vacant lands in urban regions and outlier growth.
Furthermore, the Hangzhou Bay Bridge may only be one of many factors influencing urban growth. Thus, any explanation that suggests the bridge is directly responsible for the expansion of impervious surfaces is an oversimplification. However, the bridge may promote the construction of additional transportation corridors and industrial zones and increase the population growth in the Yangtze River Delta Region. Therefore, further investigation, particularly modeling, is needed to explore the full impacts of the Hangzhou Bay Bridge or other CSGT on sustainable, environmentally-friendly, urban development.
